Proteasome plasticity  by Glickman, Michael H. & Raveh, Dina
FEBS Letters 579 (2005) 3214–3223 FEBS 29584Minireview
Proteasome plasticity
Michael H. Glickmana, Dina Ravehb,*
a Department of Biology, Technion – Israel Institute of Technology, Haifa 32000, Israel
b Department of Life Sciences, Ben Gurion University of the Negev, P.O. Box 653, Beersheba 84105, Israel
Accepted 21 April 2005
Available online 4 May 2005
Edited by Horst FeldmannAbstract The 26S proteasome is responsible for regulated
proteolysis of most intracellular proteins yet the focus of intense
regulatory action itself. Proteasome abundance is responsive to
cell needs or stress conditions, and dynamically localized to con-
centrations of substrates. Proteasomes are continually assembled
and disassembled, and their subunits subject to a variety of
posttranslational modiﬁcations. Furthermore, as robust and mul-
ti-tasking as this complex is, it does not function alone. A spat-
tering of closely associating proteins enhances complex stability,
ﬁne-tunes activity, assists in substrate-binding, recycling of ubiq-
uitin, and more. HEAT repeat caps activate proteasomes, yet
share remarkable features with nuclear importins. Fascinating
cross talk even occurs with ribosomes through common matura-
tion factors. The dynamics of proteasome conﬁgurations and
how they relate to diverse activities is the topic of this review.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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A stripped down 26S proteasome is highly conserved and
remarkably homogeneous amongst all eukaryotes. Proteasome
structure and function is detailed elsewhere [1–3]. In this re-
view, we will focus on recent ﬁndings that highlight the plastic-
ity in proteasome conﬁguration. Overall, the 26S proteasome
holoenzyme is composed of two subcomplexes: a 20S core par-
ticle (CP) where proteolysis takes place, and a 19S regulatory
particle (RP) that prepares substrates for entry into the CP
[2,3]. The 20S CP is a cylinder composed of four stacked hep-
tameric rings engendering a sequestered proteolytic chamber.
The b-subunits form a central catalytic chamber. Three of
the b subunits – b1, 2, and 5 (and possibly b7 in mammals)
– are posttranslationally processed at their amino-terminus
to yield an active protease site [4,5]. The a-subunit rings make
two distal antechambers at either end and form a gated chan-
nel that controls passage of substrates and peptides in and out
of the proteolytic chamber [6]. To degrade ubiquitinated sub-
strates, attachment of the ATPase-containing 19S RP to the
surface of the a ring of the 20S CP is required; this also en-
hances the basal peptidase activity of the proteasome [1–3].*Corresponding author. Fax: +972 8 647 9190.
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doi:10.1016/j.febslet.2005.04.048The 19S itself is neatly divided into a base subassembly, con-
taining six ATPase subunits (Rpt1-6) alongside three non-
ATPase subunits (Rpn1, Rpn2 and Rpn10), and a lid
subparticle encompassing 8 stoichiometric subunits (Rpn3,
Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpn11 and Rpn12) [7].
Additional non-essential or species-speciﬁc 19S RP subunits
are occasionally unearthed; indicating that a looser deﬁnition
of ‘‘proteasome’’ yields a more heterogeneous complex than
previously thought. Examples are Rpn13 [8], Rpn14 [9],
Sem1/Dss1 (a mutant version occurs in split hand/split foot
disease) [10,11]. Additional substoichiometric components
are listed under Section 6.2. Alternative regulatory particles
In addition to the 19S RP, three non-ATPase activators
exceeding 200 kDa can form alternate caps in a small sub-
population of proteasomes, or chimeric proteasomes with
one 19S RP and one cap (Fig. 1). PA28/11S-REG is a ring-
shaped dome-like complex built of seven a- and b-subunits,
each roughly 30 kDa, whereas a single 200–250 kDa molecule
of Blm10/PA200 [12,13] folds into a solenoid structure that can
serve as a 20S CP cap. A similar protein, Ecm29, can also at-
tach to subpopulations of proteasomes. These proteasome
activators are composed almost entirely of HEAT (Huntingtin
elongation factor 3-PR65/A subunit of PP2A – lipid kinase
TOR) repeats [14]. As seen in Fig. 1, the HEAT repeats found
within functionally diverse proteins are a-helical domains of
ca. 50 residues each often in tandem arrays that pack together
to form elongated two-helix superhelices in a dome-like or
‘‘solenoid’’ structure with great ﬂexibility [15]. The physiolog-
ical role of these alternative caps is not clear. The crystal struc-
ture of a distantly related activator, PA26, shows that binding
of PA26 leads to opening of the axial channel into the 20S CP
activating peptidase activity [6,16]. PA28 stimulates peptidase
activity of the 20S CP in a similar manner, but does not pro-
mote degradation of folded proteins. One hypothesis is that
this class of activators serves as ‘‘ﬂushers’’ facilitating the exit
of peptide-products from the 20S CP. Cellular levels of PA28
increase in response to interferon-c, indicating a link between
PA28 and the immune response probably by facilitating pro-
duction of antigenic peptides [17]. Blm10/PA200 is nuclear
and accumulates at nuclear foci after c-irradiation. Dblm10
mutants are not sensitive to DNA damage induced by bleomy-
cin; however, deletion of the C-terminal domain of Blm10 pre-
vents its nuclear import and compromises survival of cells
exposed to bleomycin. Deletion of either BLM10 or ECM29blished by Elsevier B.V. All rights reserved.
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no acid analog that when incorporated into proteins produces
a high rate of protein misfolding leading to stress on the pro-
teasome. However, the double blm10, ecm29 mutant is very
sensitive to canavanine indicating that under stress conditions
Blm10 and Ecm29 may perform overlapping roles [13]. It is
interesting to note that HEAT repeats also occur in karyophe-
rins, importins that contact subunits of the nuclear pore com-
plex and facilitate traﬃc of macromolecules (see Box). That a
truncation of Blm10 that eliminates its NLS leads to gain-of-
function hypersensitivity to bleomycin (attributed to cytoplas-
mic sequestration of functions required for repair [13]) may
indicate an additional function for the HEAT proteasomal
activators in nuclear transport.3. Proteasome biogenesis
Proteasome subunits are synthesized in stochiometric
amounts suggesting that transcription of their genes is coordi-
nately regulated. Under a multitude of mild stress conditions
proteasome levels rapidly increase to participate in the removal
of damaged proteins. In budding yeast, the transcription factor
Rpn4 activates this elevated transcription. Rpn4 is a short-
lived protein that recognizes a proteasome activation control
element (PACE) motif in their promoters, as well as in its
own gene and numerous other genes [18]. Rpn4 is part of a
negative feedback circuit being a substrate of the assembled ac-
tive proteasome [19–21] (Fig. 2).
Proteasome subunits assemble in the cytoplasm into 13–16S
half-proteasomes comprising a ring of a subunits and b-pro-
peptides [4,5] The short-lived chaperone Ump1 (Ub matura-
tion protein) binds the half-proteasome [22]. These are
imported into the nucleus via NLS sequences on the a subunits
recognized by karyopherin a/b (see Box). In parallel, 19S base
subunits are imported as a complex by Kap a/b that recognizes
the NLS on Rpn2; Rpt2 may also contribute a NLS under
stress conditions [23].
Once inside the nucleus, the 20S CP associates with a complex
of the heterodimer Nob1 and Pno1 (Partner of Nob1)/Dim2
and the 19S RP [24,25]. In the resulting complex, the N-termini
of the 20S b-subunits are cleaved to yield the active protease. b-
Propeptide processing is defective in ump1, nob1, and pno1mu-tants. Subsequently Ump1 is degraded (Fig. 3). Overexpression
of NOB1 suppresses the growth defect of Dump1 mutants indi-
cating that it acts downstream of the latter. The Nob1-Pno1/
Dim2 heterodimer participates further in assembly of the 26S
proteasome and there is evidence that Nob1 undergoes degra-
dation in the mature 26S proteasome [24].4. Proteasome maturation factors with an essential role in
ribosome biogenesis
Assembly of pre-ribosomal particles and their nuclear export
are integrated with processing of the pre-rRNA into matureribosomal RNAs. In a fascinating connection, a number of
proteasome maturation factors that we listed above also have
a major role in ribosome biogenesis. Examples include:
 Nob1 is part of the early nucleolar 90S preribosomal com-
plex that contains the 35S precursor rRNA [25,26]. After
cleavage of the 35S rRNA into 27S and 20S rRNA, the precur-
sors of the 60S and 40S ribosome subunits, respectively, Nob1
accompanies the 40S particle to the cytoplasm. Nob1 has a
PIN motif found in Flap endonucleases and makes the ﬁnal
cleavage that gives rise to the 18S rRNA [27]. The point
mutations that lead to temperature sensitive growth and
accumulation of high MW ubiquitinated conjugates are in
the C-terminal domain of Nob1 downstream of the PIN
domain [24].
 Pno1/Dim2 besides binding Nob1, can also bind Dim1,
the base methyl transferase required for processing of both
nucleolar 35S rRNA, and 20S rRNA in the cytoplasm.
Pno1/Dim2 has a KH RNA binding domain through which
it may recruit Dim1 to the precursor rRNAs [26]. Pno1/
Dim2 shuttles between nucleolus and cytoplasm: it
accumulates in the nucleolus in stationary phase cells and
accompanies the 40S particle to the cytoplasm with Nob1
and Dim1.
 Cic1/Nsa3 identiﬁed originally through its interaction with
a C-terminal fragment of the a4 (Pre6) subunit of the 20S CP
[28] has a role in ribosome biogenesis. Cic1 is nuclear with
nucleolar accumulation, and is required for release of the
Fig. 1. Alternative proteasome caps. The dome-like structures of a-helical-repeat proteasome activators. Based on the crystal structure of PA26 with
the 20S CP [16], these roughly 200kDa structures presumably open the channel leading into the proteolytic chamber of the 20S CP. (A) The PA26
homo-heptamer forms a mainly a-helix solenoid cap that can dock onto the a ring surface of the 20S CP. (B) The PA26-20S CP complex. (C) Side
view of PA28, a hetero-heptamer that forms a solenoid dome that can attach to the 20S CP in a similar manner to PA26. (D) Bottom view of the
PA28 structure, showing the central cavity that forms a contiguous channel with the 20S CP barrel. These structures were modeled using coordinates
found in Swiss PDB with Viewerlite. The a-helix HEAT repeats are highlighted in each case. PA200 (E) and Ecm29 (F) have not been crystallized yet,
but by using the primary sequence and knowledge of the HEAT repeat a-helices delineated by Kajava and co-workers [14], we diagrammed a
putative super-secondary structure of these two activators using SwissPdb viewer and the HEAT-containing protein b-catenin as a template.
The resulting repetitive a-helix bundle shown would be predicted to wrap around itself into a two-layered dome, as seen by electron microscopy
[12,95].
Rpn4Mild stress 
Proteasome 
mutants &
inhibitors
Proteasome 
assembly
Rpn4 26S genes
>700 genes
+
RPN4
MMS
Fig. 2. Transcriptional regulation of proteasome levels by Rpn4. Rpn4
regulates transcription of 26S genes [18]; in Drpn4 mutants proteasome
levels are halved. Rpn4 also regulates transcription of its own
promoter and of over 700 other genes. Under normal growth
conditions, Rpn4p is ubiquitinated by the E3, Ubr2 and the E2
Ubc2 but also degraded by the proteasome in a ubiquitin-independent
manner with a half-life of about 2 min [19,20]. Under stress conditions
that require elevated levels of proteasomes to tackle the higher loads of
damaged proteins, or when proteasome activity is compromised
(mutations in 20S subunits, or proteasome inhibitors), degradation
of Rpn4 is retarded, and the half-life is extended to 16 min. Under
these circumstances transcription of RPN4 is elevated and in turn, this
leads to upregulation of proteasome levels. (See text for details and
references.)
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also essential for nuclear export of the 60S ribosomal subunit
[29]. cic1 mutants are temperature sensitive, they do not showa global defect in protein degradation, but have been shown to
cause half-life extension of two F-box proteins, Cdc4 and Grr1
[28]. Gel ﬁltration studies of Cic1 indicate that besides coelu-
tion in 60S fractions, it is present in high molecular fractions
devoid of ribosomal proteins [30].
 Besides sharing maturation factors, ribosomes and pro-
teasomes both associate with HEAT repeat proteins. Nuclear
export of ribosomal particles involves a series of HEAT re-
peat proteins: Noc1-4 [30,31], Rrp12 and Rrp15 that are pro-
posed to make contacts with the Phe-Gly repeats of the NUP
complex in addition to those made by the karyopherin and to
facilitate progress of the large ribosomal particle through the
pore.
The dual roles of the above proteins in both proteasome
and ribosome biogenesis, and in particular the ﬁnding that
an RNA endonuclease, Nob1, is involved in proteasome
assembly is interesting on the backdrop of reports that pro-
teasomes are associated with RNAse activity [32]. Evidently,
participation of key proteins in both ribosome and protea-
some biogenesis may be a mechanism for cross-talk between
these two systems, both of which would be upregulated in
times of rapid growth and cell proliferation, and downregu-
lated in quiescent or limiting conditions. At the onset, a num-
ber of ribosomal proteins are posttranslationally processed or
modiﬁed by ubiquitin [33]. Furthermore, these ﬁndings place
the maturing proteasome at the site of ribosome biogenesis
where it could conceivably have a role in the sequential
assembly and disassembly of the complexes involved and in
Fig. 3. Maturation of the 26S proteasome highlighting factors that are shared with ribosome biogenesis. (A) Proteasome subunits assemble into 13–
16S half-proteasomes with the chaperone Ump1 in the cytoplasm and are imported into the nucleus. A complex of 20S CP is formed with 19S RP and
the Nob1-Pno1/Dim2 heterodimer, followed by processing of b-pro-peptides. Ump1 is then degraded, while Nob1 participates further in assembly of
mature 26S proteasomes and is subsequently also degraded [24]. (B) Ribosomal biogenesis involves processing of the 35S rRNA precursor and
assembly of the 60S and 40S ribosomal subunits with their mature rRNAs. The nucleolar 90S precursor contains the Nob1-Pno1 heterodimer and the
RNA-binding protein, Dim1. A series of cleavages generates the 27S rRNA, the precursor of the 60 ribosomal subunit rRNAs, and the 20S rRNA,
the precursor of the 40S subunit rRNA in the nucleoplasm. Cic1 is required for nuclear export of the 60S pre-ribosomal particle. The ﬁnal cleavage of
the 20S to 18S rRNA of the 40S ribosomal subunit occurs in the cytoplasm and requires Nob1, Pno1/Dim2 and Dim1. (See text for details and
references.)
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ate proteins (DRiPs) [34].5. Proteasome localization
Studies on proteasome maturation identiﬁed proteins that
shuttle between the nucleolus, nucleus and cytoplasm and also
play a dual role in ribosome biogenesis (above). Could protea-
some subcellular localization also include a step of regulated
nuclear export? In many cases phosphorylation
on a single residue is a signal for nuclear export [35] and the
26S is indeed phosphorylated at many sites, correlated with cell
cycle progression, stress response, and aging (below).
Substrates are degraded in the nucleus, cytoplasm and on
the cytoplasmic face of the ER and proteasomes have been
observed in each compartment [36]. An extreme case of sub-
cellular localization correlated with regulation of degrada-
tion is the CKI p27KIP1. p27Kip1 is exported from the
nucleus and degraded in the cytoplasm by SCFKPC during
G1 [37], whereas during S-phase p27 is degraded by SCF
Skp2
in the nucleus [38]. G1 cyclins of yeast [39] and cyclin D1 of
humans [40] must be exported from the nucleus to be de-
graded. Similarly the yeast mating switch endonuclease,
Ho, although active in the nucleus must be exported for
degradation via SCFUfo1. In mec1 kinase mutants and also
in mutants of the nuclear exportin, Msn5, Ho accumulates
within the nucleus without being degraded [35]. Degradation
of Hof1, a protein required for assembly of the cytokinesis
ring, involves recruitment of its F-box receptor, Grr1, tothe mother-bud neck after disassembly of the mitotic spindle
[41]. We anticipate that proteasomes will be shown to be
dynamically localized in these (and other) cellular subcom-
partments.
Within the nucleus there is both genetic and physical evi-
dence for association of proteasomes with double strand
breaks (DSBs); subunits of both the 19S and 20S are recruited
to the site of a Ho-induced site-speciﬁc DSB in a Rad52-depen-
dent manner. Recruitment of proteasomes is prolonged, occur-
ring up to 3 h after induction of a site-speciﬁc DSB. This
implies that they are required for a late stage of the repair
process [42].
Proteasomes are also associated with actively transcribing
genes, either on their promoters [43,44] or as part of the
elongation complex. The Mediator (Med) transcriptional
regulator complex is associated with an E3 activity: its
Med8 subunit has a BC box, a motif present in the von
Hippel-Lindau E3 substrate-recruiting subunit. Med8 and
Elongin8, a transcription factor that regulates the rate of
transcription by RNA polymerase II are both BC-box pro-
teins and may ubiquitinate proteins in situ during transcrip-
tion [45].
Proteasomes could be recruited transiently via interaction
with the polyubiquitin chains or perhaps by adaptor proteins.
Similarly, Ssl1, a subunit of the general transcription factor
TFIIH, is a RING E3 with ubiquitin ligase activity. In addi-
tion it has a region of homology to the Rpn10 VWA. Stalled
RNA polymerase undergoes rapid degradation by the protea-
some and this may occur in situ by active recruitment of
proteasomes to the site [46].
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somes also require at least two hect-domain E3s during their
biogenesis implying a need for in situ degradation of compo-
nents of the maturation complexes as biogenesis proceeds.
Rsp5 is required for nuclear export of mRNA, and 60S but
not 40S ribosomes [25]; Tom1 interacts with a number of pro-
teins involved in ribosome biogenesis and tom1 mutants are
defective in multiple steps of rRNA processing and maturation
of ribosomal subunits [47].
In all the above examples, it is logical that proteasomes are
recruited to sites of substrate concentration in a dynamic man-
ner, guided by speciﬁc adaptors.6. The role of proteasome interacting proteins (PIPs) in
proteolysis
6.1. E3 ubiquitin ligases
Whereas a small number of non-ubiquitinated substrates,
e.g., ODC, p53, c-jun, p73, and Rpn4 itself can be degraded
– at least occasionally – by the 20S CP in an E3-independent
manner [48,49], most substrates of the 26S proteasome are
covalently modiﬁed with ubiquitin chains by a cascade of E1
Ub-activating, E2 Ub-conjugating and E3 Ub ligase activities
[1]. Substrate ubiquitination usually occurs in macromolecular
complexes, prototypes of which are the SCF (Skp1-Cdc53/
Cul1-F-box protein) and the anaphase promoting complex
(APC). The SCF consists of a Cdc53/Cul1 rodlike scaﬀold that
serves as a docking site for a substrate recognition module (F-
box protein-Skp1) at one end, and a catalytic module (Rbx1
and an E2) at the other [50]. The precise makeup of this mod-
ular complex deﬁnes which targets will be recognized, ubiqui-
tinated by the E2, and ultimately degraded by the proteasome.
In yet another example of involvement of a HEAT repeat pro-
tein, in all species (with the possible exception of budding
yeast) CAND1 wraps around the Cul1 scaﬀold, maintaining
the SCF ubiquitin ligase in an inactive form [51].
The prevailing view of the ubiquitin–proteasome pathway at
large is one of a linear pathway, in which ubiquitination and
proteasome-degradation are two nominally independent and
sequential steps. Yet, components of the ubiquitination system
are increasingly found to copurify with proteasomes. These in-
clude E2s such as Ubc1, Ubc2, and Ubc4; interaction between
Ubc4 and the proteasome seems to be enhanced under stress
conditions, when the need to remove damaged proteins in-
creases [52]. A number of E3s, Ubr1, Ufd4, Hul5, and the
mammalian HECT-E3, KIAA10 interact with components of
the base of the 19S RP [53,54]. Speciﬁcally Ufd4 interacts with
Rpt4 and Rpt6 via its N-terminal domain and KIAA10 with
Rpn1. When interaction of Ufd4 with the proteasome is abro-
gated, its substrate is ubiquitinated but not degraded, suggest-
ing that ubiquitination and proteolysis are coupled but
independent processes.
Indeed, subunits of the SCF and APC E3s form stable com-
plexes with immunoprecipitated proteasomes in the absence of
ATP [8]. These PIPs are rapidly released by ATP hydrolysis at
30 C accompanied by dissociation of the 19S RP into sub-
complexes corresponding to base, lid and free subunits [55].
For comparison, PIP-free 26S proteasomes do not dissociate
during repeated cycles of ATP hydrolysis. However, upon
addition of substrate – Sic1 ubiquitinated in vitro with its asso-
ciated Clb5/Cdc28 protein kinase and SCFCdc4 complexes –19S RPs rapidly dissociate. The fraction of proteasomes from
which 19S RP was released is proportional to the amount of
ubiquitinated Sic1 that was degraded. Thus the endogenous
SCFs that copurify with proteasomes may represent intermedi-
ates in the degradation of endogenous substrates [55].
6.2. Polyubiquitin-binding proteins
Polyubiquitin chains can bind directly to the proteasome, to
subunits such as Rpn10 and Rpt5 [56–59]. However, a pivotal
role of PIPs is to manipulate interactions of the proteasome
with polyubiquitin chains and substrates. For instance, substo-
chiometric amounts of polyubiquitin-binding proteins, mem-
bers of the UbL–UbA family, Rad23, Dsk2 and Ddi1 [8],
are found in puriﬁed proteasome preparations. These proteins
have a N-terminal UbL domain that binds the 19S, and a C-
terminal UbA domain that binds poly-ubiquitinated chains
and ubiquitinated substrates [60,61]. The C-terminal UbA do-
main of all family members functions as a cis-acting protein
stabilization domain and protects the protein from degrada-
tion [62]. Diﬀerent family members show quite distinct sub-
strate speciﬁcities, although some overlap is sometimes
observed [58,63,64]. Many reports show that UbL–UbA pro-
teins function in the ﬁnal stages of substrate degradation
[58,63,65] although it is unclear whether they function up-
stream of the proteasome, relaying their cargo onto the intrin-
sic ubiquitin receptors, or merely augment this inherent ability
of the proteasome. Interaction with the proteasome may be
transient serving to shuttle substrates to the proteasome [60]
or a subpopulation may be permanently associated serving
to tether the proteasome to a polyubiquitinated substrate or
to an active E3, such as the SCF complex. In this context
the chaperone activity of the 19S RP ATPases may be impor-
tant for extraction of ubiquitinated substrate from the E3 com-
plex. The UbA domain is proposed to regulate ubiquitin chain
length and to protect the ubiquitin chains from the activity of
deubiquitinating enzymes (DUBs) [66]. However, one sub-
strate, the Ho endonuclease which shows a speciﬁc require-
ment for Ddi1, accumulates as a stable ubiquitinated
intermediate in Dddi1 mutants [65].6.3. DUBs
The proteasome also interacts with the other end of the ubiq-
uitin system – the DUBs. Once bound to the proteasome, two
opposing reactions occur: the substrate is unfolded, translo-
cated, and degraded in an ATP-dependent manner, while pro-
teasome-bound DUBs trim the polyUb. These DUBs may
facilitate proteolysis by removing the hard-to-unfold globular
ubiquitin tag, counteract degradation by releasing the poly-
ubiquitin anchor that pins the substrate down as it is being pre-
pared, and recycle ubiquitin for reuse [67,68]. In addition to
Rpn11, which is an integral component of the lid [69–71] there
are at least three additional DUBs that associate with the pro-
teasome. These include P37/UCH37 found in substochimetric
amounts in proteasomes from multiple preparations appears
to be involved in trimming polyubiquitin chains from substrates
attached to the proteasome [72,73]. Ubp6/USP15 is tightly
bound to the proteasome at high (close-to stoichiometric) abun-
dance and participates in recycling of Ubiquitin [54,71,74].
Doa4, is more loosely associated, but also plays an important
role in recycling Ub after proteolysis of the substrate progresses
[75]. It is ironic that the number of ubiquitin-speciﬁc proteases
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of diﬀerent general protease sites in the 20S CP, highlighting
how important this activity is for proper proteasome function.
Interestingly, at least in S. cerevisiae, these enzymes do not ac-
count for all of the broad-range activity associated with protea-
some function, raising the possibility that additional
proteasome-associated DUBS remain to be found.7. Dynamic proteasome modiﬁcations
In addition to transcriptional regulation and control of the
assembly process, mature proteasomes are also directly modi-
ﬁed in response to environmental stress.
7.1. Proteasome disassembly under severe stress
Prolonged starvation, entry into stationary phase (SP), or se-
vere heat shock, promote proteasome dissociation into 20S CP
and 19S RP subcomplexes resulting in a rapid decline in intra-
cellular proteolysis [76,77]. These conditions may require re-
pressed proteolysis for survival as proteasome mutants with
persistent unregulated proteolysis are extremely vulnerable
(Bajorek and Glickman, unpublished). Proteasome compo-
nents are not degraded and are reassembled upon resumption
of cell proliferation. Conversely, proteasome levels increase in
response to long-term mild stress such as slightly elevated tem-
peratures or exposure to low levels of amino acid analogs, con-
ditions that are conducive for cell growth but necessitate
enhanced proteolysis to remove damaged proteins. Higher lev-
els of proteasomes are also found during the transition from
rapid growth into stationary phase [78], however, proteasome
activity later drops with progression through SP. It is unclear
whether moderation of proteasome-dependent proteolysis sim-
ilar to what occurs upon entering the quasi-quiescent station-
ary state in yeast [76] has a parallel in multi-cellular
organisms. Some results point to the opposite: starvation in-
duces degradation of muscle ﬁbre that serves as a supplemental
nutritional resource [79], and degradation of the SP1 glucose
sensor is boosted upon glucose deprivation [80].
Finding that down-regulation of proteasomes appears to be a
natural response to certain severe stress conditions comes as
somewhat of a surprise, as proteasomes play such an important
role in removal of damaged proteins. A decline in proteasome
function would be expected to be detrimental to resiliency or
robustness of cells, particularly in multicellular organisms. In-
deed in some cases, proteasome down-regulation may be an
undesired result of stress. For instance, a number of studies
on aged cells, or cells that have been exposed to elevated oxida-
tive conditions, have detected lower levels of proteasome activ-
ity. This loss of proteasome function was not correlated with
overall lower levels of proteasome components, but with
numerous modiﬁcations of proteasome subunits. Unearthing
these modiﬁcations has only just begun, thus it is still unclear
whether they are a response to the stress condition, or side reac-
tions that exacerbate the pathology. One likely conclusion may
be that once proteasomes themselves are targets of oxidative
stress, response to this very stress is attenuated [81,82].7.2. Phosphorylation
Phosphorylation and/or other targeted modiﬁcations may
aﬀect proteasome plasticity. Proteasomes prepared from yeastor mammalian sources, disassemble upon treatment with phos-
phatases, whereas phosphorylation of at least one subunit,
Rpt6 is correlated with reassembly [83]. In diﬀerent organisms
various 20S a subunits and 19S subunits are phosphorylated.
Phosphorylation of Rpt2, a3 and a7 by CK2 enhances eﬃ-
ciency of assembly and stabilizes the 26S. In yeast, various
preparations have found a2, 3, 4, 5, 6, 7 in both unphosphor-
ylated and phosphorylated forms; phosphorylation may in-
volve CK2 [84,85]. It is interesting to note that CK2
interacts with the COP9 signalosome (CSN; a component of
the ubiquitin-proteasome pathway that shares homology with
the lid of the 19S RP) and directs CSN-mediated phosphoryla-
tion of a number of key cellular factors [86]. That the CSN and
proteasome may interact [87] raises the possibility that CSN
inﬂuences proteasome stability or activity through this associ-
ated kinase activity. In mammalian cells lower phosphorylated
levels upon INF-c induction promote dissociation of 19S from
20S, possibly allowing for PA28 to bind instead of the 19S
[88,89].
So far, phosphorylation of proteasomes appears to play a
generally positive role in proteasome function, though whether
this is due predominantly to structure stability or to a direct
eﬀect on activity or cellular interactions remains to be eluci-
dated (Fig. 4).7.3. O-glycosylation
In puriﬁed proteasomes, multiple Rpn subunits in the lid,
Rpt in the base, and both a and b subunits in the 20S CP
may be covalently modiﬁed with O-linked N-acetylglucos-
amine (O-GlcNAc) [90]. Many of these subunits are those that
can be phosphorylated as well. Since phosphorylation and
O-glycosylation modify the same residues, namely serine or
threonine side chains, a complex interplay between these two
posttranslation modiﬁcations may have antagonistic outcomes
with O-glycosylation correlated with down-regulation of
proteasome activity. Puriﬁed 26S holoenzymes treated with
O-GlcNAc transferase (OGT) in the presence of its substrate
UDP-GlcNAc yielded hyper-glycosylated proteasomes which
were slower at hydrolyzing some – but not all – short synthetic
peptide substrates [80]. Likewise, degradation of SP1, a tran-
scription factor that serves as a glucose sensor, was inhibited
upon treatment of extracts with OGT. OGT also inhibited
ATPase activity of puriﬁed proteasomes. These observations
imply a role for glycosylation in coupling proteasome activity
with the metabolic state of the cell. Nevertheless, the precise
signiﬁcance of proteasome glycosylation remains vague, espe-
cially as OGT knockout mice show no discernable defect in
proteolysis [91].
Understanding the full scope and implications of protea-
some phosphorylation and glycosylation is in its infancy.
However, the dynamic association and disassociation of pro-
teasomes in response to environmental conditions [76] and as
part of the catalytic cycle [55], suggest that direct modiﬁcation
of intrinsic proteasome subunits may be important for their
regulation.7.4. Cleavage of proteasome subunits by caspases
The proteasome itself is a caspase substrate and in apoptopic
human cells three diﬀerent subunits of the 19S base, Rpt5,
Rpn2 and Rpn10 are cleaved directly by caspase-3. This leads
to impaired protein degradation and accumulation of ubiquiti-
Fig. 4. Proteasome plasticity. Proteasomes are malleable structures with dynamic conﬁgurations and myriad interacting proteins. These alterations
harness proteasome activity, speciﬁcity, and localization to cell needs. Many types of PIPs increase the range of proteasome-associate activities, from
polyubiquitin-binding, ubiquitination and deubiquitination. The precise equilibrium of binding to the proteasome and competition for binding sites,
may be used to harness the proteasome to unique tasks. Individual subunits can be posttranslationally modiﬁed by phosphate or O-GlcNAc,
enhancing or mitigating activity. One outcome may be increased proteasome stability, or dissociation into subcomplexes resulting in reduction of
proteolysis. Other conditions that down-regulate proteasome activity are cleavage by caspases. Proteasome disassembly also occurs at the end of the
catalytic cycle upon hydrolysis of ATP. (See text for details and references.)
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Rpn10 are involved in linking that 19S RP base to lid and par-
tial dissociation of the 19S RP by caspase-mediated cleavage of
these subunits may be an eﬃcient way of inactivating the pro-
teasome (Fig. 4). Similarly a proteomics-based screens showed
that several proteasomal subunits of both Drosophila and hu-
man cell lines are cleaved by caspase-3. This study identiﬁed
cleavage of a2, a4, a4 of the 20S and Rpt1 of the 19S in Dro-
sophila, as well as Rpn2, Rpt5 and Rpn10 of the human 19S.
Furthermore PA28c was cleaved by caspase-3 [93]. Thus cas-
pase-mediated proteolysis that disrupts proteasome activity is
a highly conserved event in apoptosis and proteasome inacti-
vation can be seen as an event that contributes to the uni-direc-
tionality of the apoptopic process.8. Summary
Proteasome levels and conﬁgurations are remarkably dy-
namic (Fig. 4). Cell proliferation and rapid response to stress
conditions is addressed in part by carefully increasing or
decreasing proteasome levels. Once assembled, the proteasome
is subject to multiple modiﬁcations that enhance or decrease its
activity, or alter its speciﬁcity. Global changes include revers-
ible disassembly and reassembly or irreversible cleavage by
caspases. However, individual subunits can also be posttransl-
ationally modiﬁed to ﬁne-tune properties on a smaller scale.
The proteasome also interacts with an ever growing list of
proteasome activators (such as the HEAT repeat proteins) or
proteasome interacting proteins (PIPs) emphasizing that one-
size-does-not-ﬁt-all when it comes to the broad range of activ-
ities carried out by the proteasome. A detailed list of associat-ing proteins with the proteasomes has been compiled and
reviewed [60]. In this review, we attempted to provide a brief
overview of some recently identiﬁed proteins and complexes
that associate with the proteasome and modulate its activity.
The diversity in proteasome conformations and composition
is beginning to be acknowledged, what is unclear at this time
is the equilibrium between the various forms, or where in the
cells these subspecies congregate and for what purpose. A mul-
ti-subunit assemblage as large and complex as the proteasome
requires a slew of maturation factors to chaperone it to matu-
rity. Oddly, many of these same proteins are associated with
Ribosomes, the eﬀectors of protein synthesis and the antithesis
of the proteasome in which these same proteins embark on
their ﬁnal journey. This may reﬂect a remarkable synchroniza-
tion of the two endpoints in the lifespan of a protein.
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